The mechanical response of the restored "connections" of the epistyles of the Parthenon Temple on the Acropolis of Athens is studied assuming that the interconnected epistyles are under shear loading mode. The study is implemented by taking advantage of a numerical model, properly validated on the basis of the data of a recent relative experimental protocol. The main difficulty while studying the specific problem is the co-existence of three materials of completely different mechanical behaviors, i.e. the brittle marble of the epistyles, the ductile titanium of the connector and the cement-based material filling the grooves of the marble in which the connector is placed. The interfaces of this three-material-complex are simulated as simple contact with friction, the coefficient of which is, also, experimentally determined. Taking advantage of the data provided by the numerical model the stress field developed in the connector and the surrounding marble volume is described. Moreover, the forces imposed by the connector on the surface of the groove are quantitatively determined. Furthermore, the model permits a quantitative comparison between the mechanical response of the interconnected epistyles in the presence or in the absence of the "relieving space". It is definitely concluded that the alternative design of the "connections", according to which a small portion of the connector's web is left uncovered by the filling material (relieving space), offers serious advantages against the traditional design, in the direction of reducing the intensity of the stress field developed in the marble volume surrounding the connector, thus, contributing to the protection of the authentic building material of the monument in the case of overloading of the epistyles.
Introduction
Among the masterpieces of classical Cultural Heritage of Greece are marble temples, like the Parthenon Temple on the Acropolis of Athens, which were built as dry-stone constructions, i.e. using marble volumes of various shapes and magnitude without any intermediate adhesive material between them [1] . It is obvious that for these monuments the role of "mechanical connections" between various structural members is crucial for their overall structural integrity. A typical example of such a clever mechanical connection is that of the epistyles of the Parthenon Temple. To keep the epistyles in place ( Figure 1A ) ancient stonemasons sculptured a relatively shallow groove on the epistyles and placed an iron "I"-shaped connector in them. Afterwards the groove was filled with molten lead and the connector was fully covered. These connections are assumed to be load free under normal loading conditions given that the loads expected (their own weight of the interconnected epistyles and the weight of the superimposed structural elements) are undertaken by the epistyles themselves. However, in the case of unexpected loading schemes, like, for example, seismic excitations, the interconnected elements tend to move apart from each other either along the longitudinal axis of the metallic connectors (resulting in tensile loading of the connections) or normally to the axis of the connector (resulting in shear loading of the connections). A few decades ago, during the conservation/restoration works on the Parthenon Temple [an ambitious scientific project implemented under the auspices of the Committee for the Conservation of the Acropolis Monuments (ESMA) and the Acropolis Restoration Service (YSMA)], it was revealed that the ancient connections between the epistyles are damaged ( Figure 1B ). In some cases, the metallic connectors were broken while in other cases the marble volume surrounding the connector was fragmented although the connector was intact. Nowadays, it is accepted that this damage is mainly due to oxidation of the iron connectors which is responsible for both a decrease of their strength (resulting in fractures of the connector) and, also, an increase of their volume (resulting in fragmentation of the surrounding marble volume) [1] , [2] . An alternative explanation, proposed by Toumbakari [3] , attributes the damage of the connections to local tensile overloading of the marble volume. Independently of the chargeable event of the damage and looking at confronting the specific problem, the scientific personnel of the Parthenon restoration project adopted the substitution of the damaged iron elements by pure titanium ones [4] , [5] , as a compromise between various compatibility aspects (purely chemical, physical and mechanical). This decision excluded the use of lead as a filling material of the grooves because titanium and lead form a strong galvanic element. Instead, a suitable cementitious material was favored to fill the grooves of the restored connections [1] , [2] , [4] , [5] . Besides substitution of the materials of the connections, an alternative design technique was proposed according to which a small part of the web of the titanium connector is intentionally left uncovered by the filling material [6] . This empty space of the groove is usually denoted by the term "relieving space" and it is assumed that it permits easier deformation of the connector resulting in the protection of the surrounding marble volume in the case of overloading of the connection.
The overall mechanical response of the new approach in the design of connections is not, as yet, thoroughly studied experimentally and the same is true for the efficiency of the relieving space. In fact, the only relative experimental protocol in the literature is the one implemented in situ on the Acropolis work-site by Zambas [6] , who tested the response of marble blocks (resembling the epistyles) connected according to the technique of the ancient stonemasons under a direct tension loading scheme. It was only very recently that an experimental protocol was realized aimed at studying the response of epistyles mutually interconnected according to the new approach [7] , [8] . In that protocol, besides assessing the efficiency of the "connections" under shear load, the role of the relieving space was also considered and quantified. Unfortunately, the nature and size of the specimens used in that protocol, as well as the cost of the tests, did not permit implementation of an increased number of experiments which would be necessary for a thorough parametric study of the factors governing the response of the connections. As a result and taking into account that any analytic (theoretical) study is beyond this discussion due to the nature of the materials of the marble-titanium-cementitious complex and also due to the complicated geometry and loading scheme, it was concluded that only a proper numerical analysis could provide a global overview of the efficiency of the new design of the connections of the Parthenon Temple.
With this in mind, a numerical model is here described, which is properly validated taking advantage of the data of the limited number of tests of the mentioned experimental protocol [8] . The numerical analysis permitted a quantitative description of the stress field developed on both the connector and the surrounding marble volume and also the determination of the forces exerted on the groove. Moreover, the numerical analysis vividly enlightened the crucial role of the relieving space, which was definitely proven as an irreplaceable design tool protecting the authentic building material from local fragmentation due to the increased deformation capability and the increased strain energy absorption capability of the connector.
The numerical model and its validation
The experimental protocol, on which the validation of the numerical model described here was based, included shear loading of specimens consisting of two marble blocks joined together with the aid of one "I"-shaped titanium connector and a suitable cement-based filling material. The specimens were prepared by highly experienced technical personnel of the Parthenon restoration work-site according to a lengthy and laborious procedure and the experiments were realized at the Laboratory for Testing and Materials of the National Technical University of Athens, with the aid of a servo-hydraulic loading frame under quasi-static displacement-control conditions [8] .
Typical load-displacement curves from that protocol [8] are shown in Figure 2 , for specimens with and without a relieving space. The displacement was determined by taking advantage of the data provided by a three-dimensional-digital image correlation (3D-DIC) system rather than from the "grip-to-grip" data provided by the system of the loading frame. It is interesting to observe that for both specimens the fracture load is the same while, on the contrary, the displacement of the specimen without a relieving space is about 10 times lower, indicating tremendously increased stiffness of the specific design compared to that of the design with a relieving space. Experimental results for the load-displacement relation for mutually interconnected epistyles under pure shear loading. The displacement was determined using the 3D-DIC technique. Results for specimens with and without a relieving space are shown [7] .
The numerical analysis was implemented using the commercially available software ANSYS (v.12, ANSYS Inc., Canonsburg, PA, USA). The model designed simulated faithfully the details of the geometry of the grooves and also those of the titanium connector. Given that attention is focused on the immediate vicinity of the connections, it was decided to design the interconnected epistyles as two identical marble blocks, ignoring the details around the load application area of the specimens of the experimental protocol, as they do not at all influence the stress field around the connections [9] , [10] . It is here recalled that the term connection describes the metallic connector, the cement-based material filling the grooves and the marble volume in the immediate vicinity of the groove. In this context, the marble volumes were designed as rectangular parallelepipeds of outer dimensions equal to 25 × 26 × 20 cm 3 . The edges of the two blocks at their interfacial plane were designed with a slight curvature to avoid local stress concentrations that could cloud the conclusions ( Figure 3 ). For the accurate simulation of the pure shear loading of the experiments described previously, the numerical model was "placed" exactly as the specimens of the respective experimental protocol were placed on the working table of the loading frame [8] (i.e. rotated 90°with respect to the actual position of the epistyles in the Parthenon Temple), so that the weight of the epistyles to be properly taken into account.
The mechanical response of the materials of the model was determined by properly simulating the respective data of a long series of previous experimental protocols [7] , [8] , [10] , [11] . The axial stress-axial strain response of the titanium was simulated by a multi-linear curve, identical in the tension and compressions regimes, as shown in Figure 4A . The cement-based filling material was simulated by a linear law in the tension regime and a multi-linear one in the compression regime, as seen in Figure 4B . Finally, Dionysos marble, the material of the epistyles, was modeled as a linearly elastic material ( Figure 4C ). The mechanical properties considered for the three materials are recapitulated in Table 1 . For meshing the volumes of the model, the element SOLID185 was used. All interfaces between the materials of the model (titanium-to-cement-based filling material and cement-based filling material-to-marble in the connection and marble-to-marble for the contact between the epistyles) were modeled using contact elements TARGE170 and CONTA173. The interaction between the materials of all the interfaces was defined as a simple contact with friction and the coefficient of friction assigned to each interface was equal to 0.25 for the titaniumcement-based filling material interface, 0.50 for the cement-based filing material-marble interface, and finally 0.70 for the marble-to-marble interface.
For the optimum size (and therefore the number) of the elements of the meshed model to be determined, a standardized convergence analysis was implemented. For this, the maximum principal stress developed along a strategic locus of marble was determined and plotted as a function of the number of elements as seen in Figure 5A . Balancing between accuracy and minimum CPU-time consumption it was considered that an overall number of 55,000 elements provided the optimum results. The final mesh for each material is shown in Figure  5B . Then the nodes of the upper surface of the left marble block were immobilized by restricting all their degrees of freedom. Moreover, for the nodes of the right (free) surface of the right epistyle, their motion was restricted only along the axis of the connector. Finally, at all the nodes of the upper surface of the right epistyle a uniform vertical displacement was gradually imposed ( Figure 5C ). Its maximum value was 0.76 mm, equal to the maximum value provided experimentally by the 3D-DIC technique for the specific experiment (without a relieving space) (see Figure 2) .
The final, and perhaps the most crucial step, was the validation of the numerical model on the basis of experimental data. Here, the data provided by the numerical model for the relation between load and displacement for a specimen without a relieving space (for which the stress field at the interfacial plane is considered more complicated) were compared against the respective ones recorded during the experiments previously described for the same specimen [8] . The comparison is shown in Figure 6 . It is obvious that by excluding some discrepancies at relatively early loading steps, the data of the model are in very good agreement with the respective experimental ones. In fact, considering the experimental difficulties and the number of uncertainty factors influencing the experimental procedure, the agreement between the data obtained numerically and those recorded experimentally could be characterized as excellent. 
Numerical analysis and results
Two different types of specimens were studied using the numerical model constructed and validated in the previous section: One with the groove completely filled with cementitious material and the connector completely covered (denoted from here on as CF-type of specimen) and one with a relieving space (denoted from here on as an RS-type of specimen). Following the procedure of the technicians of the Parthenon work-site the length of the relieving space was set equal to 1.5 cm. Photos of the two types of specimens can be seen in Figure 7 . In order for the results between the two types of specimens to be directly comparable to each other the same displacement was imposed on the right epistyle of both specimens, equal to 0.76 mm (Figure 2 ). 
The stress field in the titanium connector
As a first step the stress field developed in the titanium connector was determined. The results are shown in Figure 8A in which the von Mises equivalent stress (in MPa) is shown for the whole length of the connector for both types of specimens. It can be concluded from this figure that in case the interconnected epistyles are loaded under shear only a narrow portion of the web of the connector is loaded, on either side of the interfacial plane of the two epistyles and symmetrically with respect to this plane. The remaining portion of the connector is almost stress free. This is true for both types of specimens, i.e. with and without a relieving space. The only difference is that for the RS-type of specimens the portion of the connector's web loaded is longer, equal to about 10.5 cm, while for the CF-type of specimen the specific length is shorter, equal to about 7 cm. The equivalent von Mises stress is plotted along the longitudinal axis of the connector in Figure 8B in order for the comparison between the two types of specimens to also be quantitative. It can be seen from this figure that while the displacement imposed is the same for the two specimens the maximum value of the von Mises stress at the central section of the connector exceeds 110 MPa for the CF-type of specimen while it does not exceed 20 MPa for the RS-type of specimen. In other words, the stress field in the connector of the CF-type of specimens is more than 500% more severe compared to the respective field of the RS-type of specimen. Another interesting observation is that in the CF-type of specimen the change of the von Mises stress along the web of the connector, as one approaches its mid-section, is very abrupt, characterized by a very high gradient. On the contrary, for the RS-type of specimen the respective change is relatively smooth, and the variation is almost constant all along the severely stressed band of the connector's web.
The stress field in the interconnected epistyles
In full accordance with the data of the connector, the epistyles appear to be almost stress free for the major portion of their volume. It is only in the immediate vicinity around the connection where the stress field is strongly amplified. This is clearly depicted in Figure 9 in which the equivalent von Mises stress (in MPa) is plotted again for both the CF-and the RS-types of specimens. For the CF-type of specimens the most severely stressed area of the specimen is located exactly at the interfacial plane between the two epistyles. This is to be expected as the presence of filling material assists the direct transfer of the loads from the connector to the marble. On the other hand, the absence of filling material in the case of the RS-type of specimens permits local deformation of the connector without coming into contact with the marble volume. As a result, the stress field in both epistyles in the area around the interfacial plane of the two epistyles is zeroed.
Taking into account the brittleness of marble, it could be anticipated that the von Mises equivalent stress is not a proper quantity for representing the stress severity. In this context, two additional characteristic stress parameters were, also, considered independently: (i) the maximum compressive stress (i.e. the minimum principal stress), the distribution of which (in MPa) is plotted in Figure 10A , and (ii) the maximum tensile stress (i.e. the maximum principal stress), the distribution of which (in MPa) is plotted in Figure 10B . The latter is a crucial quantity concerning the safety of the connection given that the tensile strength of Dionysos marble is relatively low (in fact it does not exceed 10 MPa, while its respective compressive strength exceeds even 80 MPa [11] ). While the distribution of the maximum compressive stress follows that of the equivalent von Mises stress the respective distribution of the maximum tensile stress enlightens another crucial difference between the CF-and RS-types of specimens. Indeed, as can be seen in Figure 10B , a narrow zone of non-zero stresses appears around the upper edge of the flange of the groove in the moving (right) epistyle together with a wider zone around the lower edge of the same flange. This area with non-zero tensile stresses, which is the only one located relatively far from the interfacial plane of the two epistyles, is much wider and spreads all over the length of the flange under discussion in the case of the RS-type of specimen. However, the maximum tensile stress in this area appears to be distributed according to a more uniform manner for the RS-type of specimens in contrast to the respective distribution in the CF-type of specimens ( Figure 10B ). In order now to quantify the advantageous role of the relieving space on the stress field in the two epistyles, the variation of the maximum and minimum principal stresses, as well as that of the equivalent von Mises stress, was plotted in Figure 11 along some strategic linear loci. In Figure 11A these stresses are plotted along the lines AB and A′B′, i.e. along the lower edge of the groove of the "moving" epistyle at the loci where the maximum stresses are developed (see the sketch embedded in Figure 11 ). In the case of the CF model, the AB line is at the interfacial plane of the two epistyles (obviously, the AB line is loaded only in the specific type of specimens) while in the case of the RS model the line A΄B΄ is 2.67 cm away from the interface of the epistyles. It is observed that the maximum von Mises equivalent stress for the RS-type of specimens is equal to only 18% of the respective one developed for the CF-type of specimen. Similarly, the maximum compressive stress is reduced by about 80% in the presence of a relieving space. What is to be emphatically observed in this figure is that the maximum tensile stress developed along the AB line attains values exceeding 30 MPa, well above the tensile strength of Dionysos marble. Adopting a simplified maximum tensile stress criterion, it is concluded that the marble will be inevitably fractured along the AB locus in the case of the CF-type of specimens. On the contrary, for the RS-type of specimens the maximum tensile stress attains values equal to less than 10% of the respective one in the CF-type of specimens. Taking into account the critical role of the specific stress for the integrity of the structure it is straightforwardly concluded that the relieving space is a vital element for the design of the restored connections of the epistyles of the Parthenon Temple. Similar conclusions concerning the role of the relieving space are drawn from Figure 11B , in which the variation of the as above stresses is plotted along the lower edge of the flange of the groove in the "moving" epistyle (line CD in the sketch embedded in Figure 11B ). Again, in the case of the RS-type of specimens all three stresses attained maximum values not exceeding 10% of the respective ones developed along the same line in the CF-type of specimens.
The forces exerted on the groove
As a final step, it was decided to quantify the forces, rather than the stresses, exerted on the "walls" of the groove, a quantity which is crucial mainly for the engineers designing the exact geometry of the connections, in order to determine the optimum dimensions of the connectors. In Figure 12A the variation of the axial force F x is plotted along the longitudinal axis of the groove for four different "depths" y (y = 0 corresponds to the central cross-section of the connector at the xz plane), while the respective variations of the transverse forces F y and F z along the longitudinal axis of the groove are plotted in Figure 12B and C, respectively, for the same as previously depths. It is easily concluded that in the specific area of the groove the magnitude of the transverse force along the z-direction exceeds by almost an order of magnitude the respective one of the other two force components (F x and F y ). This huge difference does not depend on the presence or not of the relieving space. However, paying attention to the absolute values of the forces, the beneficial importance of the relieving space is illuminated: The maximum F z -force component (i.e. along the loading axis) is about 75% lower in the case of the RS model than the respective force component developed in the CF model. Similar results were obtained for the other two force components (F x and F y ) which exhibited a decrease of about 85-90%. In addition, it was found that at the loci where the value of F z is maximized (see the embedded figure in Figure 12D ), the force components are developed only along the zone facing the height of the connector and they vary along the y-axis (depth of the groove) according to a parabolic law. Another interesting finding was revealed by studying the variation of F z along both "walls" of the groove (the one already presented in Figure 12C which is the "lower", Figure 13A , and the opposite one which is the "upper", Figure 13B ). As can be seen, the values of F z in the case of the model of RS-type are very similar on both walls of the groove, contrary to what is observed for the model of the CF-type. As a result, the marble volume is loaded more symmetrically (with respect to the axis of the connector) and this could satisfactorily explain the stress field around the flange of the groove ( Figure 10(b 2 ) ). On the other hand, the larger values of F z imposed on the lower wall of the groove in the case of model of the CF-type leads to a locally amplified stress field around the lower edge of the flange of the groove (Figure 10(b 1 ) ). 
Discussion and concluding remarks
The mechanical response of marble epistyles, interconnected to each other according to the technique adopted nowadays on the work-site of the monuments of the Acropolis of Athens for the restoration of ancient connections, was studied in terms of the stress fields developed and the forces exerted on the walls of the groove, with the aid of a properly validated numerical model. Attention was focused on the assessment of the role of the so-called relieving space.
The need to use a numerical model rather than experimental protocols or pure analytical approaches results from the insuperable difficulties in preparing specimens for experiments and properly analytically modeling the actual loading conditions realized in praxis. Indeed, in order to test in laboratory conditions the mechanical response of specimens consisting of more than one material, like the specimens described in the present study, one should take into account, among others, the critical role of the size effect, i.e. the dependence of the mechanical properties of rock-like materials on the dimensions of the specimens. The specific phenomenon is extremely pronounced in rock-like materials, like Dionysos marble [12] , [13] , [14] , rendering the use of specimens of increased dimensions (even approaching the dimensions of the actual structural members) unavoidable. Additional experimental difficulties are caused by the fact that, in the case of specimens consisting of more than one material, damage mechanisms are initially activated at the interfaces created between the various constituent materials. These interfaces are usually inaccessible by traditional sensing techniques used in most laboratories rendering the use of modern, innovative (and obviously more expensive) sensing techniques and tools a pressing demand [15] , [16] , [17] . On the other hand, the complicated constitutive laws describing the mechanical behavior of each one of the constituent materials of the three-material complex (e.g. marble is an inhomogeneous and transversely isotropic material, the cement-based filling material is non-linear, etc.) and the sophisticated geometry of the specimens renders analytical solutions prohibitively difficult.
Taking now into account the unique value of the Monuments of Cultural Heritage it is evident that any solution or approach for restoring damaged structural elements must be critically assessed before being applied in praxis especially in case its application will cause irreversible changes to the present state of the monument under restoration. As a result, the use of numerical analyses to assess the efficiency of structural interventions in monuments under restoration appears as a "one-way" street for the scientists working on such projects. This is further supported by taking into account the numerous factors influencing the response of restored elements, renedering parametric studies a pressing necessity. The issue that has, now, to be decided is the proper calibration/validation of the numerical models. Given that analytic solutions and data are not available one has to use experimental results even from a restricted number of tests. The latter was exactly the case in the study described here: Taking advantage of the results of an experimental protocol with a limited number of tests, a numerical model was constructed and properly validated, providing a flexible tool in the hands of the engineers working on restoration/conservation projects, in the direction of assessing the solutions currently used for the substitution of damaged ancient connections by new ones. The model is characterized by the relatively small number of elements (taking into account its complex geometry and the nature of its materials) and, as a result, the "running time" for each case is feasible even for PCs of moderate technical characteristics.
Analysis of the results provided by the numerical model revealed interesting quantitative characteristics of the stress field developed on the volume of mutually interconnected epistyles loaded under shear. More specifically, it was indicated without a doubt that there are two areas of interest, i.e. one in the immediate vicinity of the connector around the interfacial plane of the two epistyles (which was expected) and a second one around the flange of the groove in the moving (right) epistyle (both at its upper and lower edges). In addition, it was concluded that the tensile stresses developed are, perhaps, the crucial parameter that results in the local fragmentation of the marble volume surrounding the metallic connector.
At this point, the beneficial role of the relieving space was revealed and quantified. Indeed, it was proven that the existence of the relieving space provides the connector with additional degrees of freedom, permitting easier deformation of the specific element along a wider zone, which in turn permits increased strain energy absorption by the connector, thus, protecting the surrounding marble. The quantitative data for the stress field in the marble were impressive. All components of the stress field in the presence of the relieving space were drastically reduced in comparison to the respective ones in the absence of the relieving space. Especially the maximum tensile stress, which is of critical importance due to the reduced tensile strength of Dionysos marble, developed in the RS-specimens was equal to about 10% of the value attained in the CF-specimens.
As a next step, the numerical model described here is planned to be used for the study of combined loading schemes acting on the connections. These loading schemes include the combined action of tension T (relative displacement of the two epistyles along the axis of the connector) and shear S (relative displacement of the two epistyles normal to the axis of the connector). Preliminary results are shown in Figure 14A , in which the von Mises stress developed in marble is plotted. Moreover, the numerical model is already being used [7] to study the angular connections of marble epistyles (embedded photo in Figure 14B ), a much more complicated problem given that any relative displacement of the two epistyles imposes a mixed loading scheme on the connection, consisting of both tensile and shear forces. Again, the available preliminary results are encouraging, as can be seen from Figure 14 (B) in which the von Mises equivalent stress is plotted versus the height of the epistyles indicating the loading scheme which is more dangerous for the epistyles, i.e. when displacement is imposed normal to the axis of the epistyle (C4).
